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Abstract 
PARK2 (Parkin) is an extremely large gene that spans greater than 1.3 megabases of genomic sequence 
within chromosomal band 6q26. This gene is derived from within the distal end of the highly unstable 
FRA6E (6q26) common fragile site (CFS). CFSs are large chromosomal regions that are highly 
unstable, found in all individuals, and prone to deletions and other alterations, especially in developing 
cancer cells. The central two questions that we want to address with this work are what role does 
inactivation of Parkin and other large CFS genes play in the development of ovarian cancer and whether 
these genes function as part of a stress response network. In order to address these two questions, we 
have analyzed the effect of re-introducing Parkin (and several other large CFS genes) into ovarian 
cancer cell lines that do not express it. We have now shown that the re-introduction of Parkin, and 
several other CFS genes, is associated with greater sensitivity to the induction of apoptosis. This is 
consistent with our hypothesis that the inactivation of these genes contributes of ovarian cancer 
development. We have now identified 20 extremely large genes like Parkin that reside within CFS 
regions. To determine if these genes are randomly inactivated during cancer development, we have 
utilized real-time RT-PCR analysis to measure the expression of a number of these genes including 
Parkin in panels of cancer cell lines and primary tumors for cancers of the prostate, ovary, breast, brain 
and liver. This analysis reveals a decidedly non-random inactivation of the expression of these genes in 
different cancers. In addition, we’ve found that there is a greater inactivation of expression of the large 
CFS genes (and greater numbers of these genes inactivated) in cancers that are generally more 
aggressive and have a poorer overall clinical prognosis. This may offer a prognostic test of individual 
ovarian cancers based upon the number of large CFS genes that are inactivated in each cancer. The 
second part of our studies was to examine Parkin and other large CFS genes as being part of a stress 
response system within cells. We have utilized the newly developed whole-genome tiling arrays which 
contain tiled oligonucleotides across the non-redundant portion of the genome to characterize transcripts 
within and around Parkin (and several other large CFS genes) and their response to two stresses, 
hypoxia and treatment with the carcinogen NNK. These studies reveal that there are stress-responsive 
non-coding transcripts within the large CFS genes and may begin to explain why these genes are so 
large in the first place. We’ve also now observed that the expression of many of these non-coding 
transcripts are altered in ovarian tumors. These studies thus support our overall hypothesis that the large 
CFS genes function as a stress response system within cells and this system, and the large genes, are 
uniquely susceptible to genomic instability. 
 
Introduction 
Parkin is a gene that spans an extremely large chromosomal region of 1.36 megabases (Mbs). This large 
gene spans the distal half within the highly unstable FRA6E CFS (6q26) and our novel hypothesis that 
received funding from the Department of Defense Ovarian Cancer Research Program funding was that 
Parkin and other large CFS genes were part of a stress response system that is disrupted during the 
development of ovarian cancer. There were two major goals to this proposal. The first was to determine 
if inactivation of expression of Parkin and other large CFS genes could contribute to the development of 
ovarian cancer. The second was to demonstrate that Parkin and other large CFS genes functioned as part 
of a stress response system within cells. We will now summarize the work that we’ve completed after 
our third year of Department of Defense funding. Our key findings are as follows: (1) We’ve 
demonstrated that Parkin is indeed inactivated in many ovarian and other cancers and that the re-
introduction of Parkin results in growth inhibition of ovarian cancer cell lines; (2) We’ve now identified 
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an entire family of very large CFS genes that have similar structures to Parkin and that are also highly 
evolutionarily conserved (in spite of the fact that they reside within the highly unstable CFS regions; (3) 
We’ve shown that these genes are not randomly inactivated in ovarian, or other, cancers and that there is 
a correlation between inactivation of multiple large CFS genes and cancers that are generally associated 
with a poorer overall clinical outcome; (4) We’ve identified the retinoic acid receptor-related orphan 
receptor alpha (RORA) as a large CFS gene whose expression is abrogated in many different cancers 
including ovarian cancer. This nuclear transcription factor is extremely interesting because in addition to 
regulating many key cellular functions, it also appears to function as a stress regulated gene; (5) We’ve 
found that many of the large CFS genes appear to play key roles in cellular responses to stress and most 
particularly oxidative stress; and (6) We’ve initiated a very novel experiment to characterize the large 
CFS genes as part of a stress response system within cells utilizing the newly developed whole genome 
tiling arrays. 
 
Body 
We would again like to thank the Department of Defense for their support of our work. We continue to 
believe that the characterization of the common fragile sites (CFSs) is important because these large 
regions of genomic instability, that are found in all individuals, are chromosomal regions that are 
uniquely sensitive especially in developing ovarian cancers. In addition, many of them contain large 
genes which are particularly attractive tumor suppressor candidates which participate in ovarian cancer 
development. The first two genes identified within these unstable chromosomal regions were FHIT and 
WWOX. These two genes have a very unusual genomic organization as they both span extremely large 
genomic regions (1,2) greater than 1.0 Mb in size. In spite of this, the final processed transcripts of these 
genes are relatively small (1.0 Kb for FHIT and 2.0 Kb for WWOX), thus the majority of these genes 
(greater than 99.9%) are comprised of intronic sequences. These two genes have been demonstrated to 
function as tumor suppressors both in vitro and in vivo (3-5). In addition, inactivation of these genes is 
associated with a poorer clinical outcome (6-9). Finally, both genes are involved in cellular responses to 
stress (10-12).  
 
The original goal of this proposal was to characterize another large CFS gene, the 1.36 Mb Parkin gene. 
This gene spans the third most unstable CFS region, FRA6E (6q26) (13). Our two main goals were: (A) 
to characterize the Parkin gene in ovarian and other cancers and to determine if the inactivation of this 
gene was a frequent event in ovarian cancer and to determine if this had any functional significance; and 
(B) To determine if Parkin and other CFS genes were involved in the cellular responses to stress. We 
completed the first Specific Aim in the first year of this work and we demonstrated that this gene was 
indeed frequently inactivated in ovarian cancers as well as in cancers of the prostate, breast and in 
hepatocellular carcinoma (13-14). We also showed that re-introduction of Parkin into an ovarian cancer 
cell line that did not produce any endogenous Parkin results in growth inhibition and also protected cells 
from mitochondria-independent apoptosis induced by ceramide. This work was published in Oncogene 
(13) and Genes Chromosomes and Cancer (14). Parkin has been found to also be a stress-responsive 
gene, similar to FHIT and WWOX, as it recently shown that there is induction of Parkin expression in 
the presence of oxidative stress (15). 
 
In this report we summarize our work where we have now identified an entire family of extremely large 
CFS genes. One CFS gene that we’ve now identified is RORA, the retinoic acid orphan receptor alpha. 
This 730 Kb gene spans the center of the FRA15A CFS (15q22.2) and is an extremely interesting 
nuclear transcription factor involved in the regulation of a number of key cellular processes. In addition, 
this gene is a cellular stress response gene. We describe our work characterizing the RORA gene where 
we demonstrate that this gene is frequently inactivated in multiple cancers including ovarian cancer and 
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that it is involved in cellular stress response. The work on RORA was recently published in Oncogene 
(2).  
 
When we originally wrote this proposal, we wanted to characterize how large genes like FHIT, WWOX, 
and Parkin could be responding to cellular stress. We could not imagine that a powerful technology like 
tiling arrays would be developed which in a single experiment would enable us to probe the entire 
genomes response to stress. We have been beta-testing the new 35 bp genome tiling arrays (which 
contain tiling oligonucleotides spaced 35 bp apart across the entire non-redundant portion of the human 
genome) and have devised an experiment to measure both coding and non-coding transcripts across the 
entire genome and their response to two types of stress, growth under hypoxic conditions and exposure 
to the carcinogen NNK. We have completed this experiment and are beginning to analyze the huge 
amount of data generated. In the next year, we will be able to determine whether these stresses cause 
changes in non-coding transcripts which are present within the large introns of CFS genes like Parkin. 
Our hypothesis is that the reason there are such large genes within the highly unstable CFS regions is 
that the CFS regions are able to somehow transduce different cellular stresses into the production of the 
appropriate non-coding transcripts which then regulate the expression of the large CFS genes. 
 
In this report, we therefore summarize our work on the identification of an entire family of large CFS 
genes, the identification and analysis of the RORA gene, and our preliminary studies utilizing tiling 
arrays to characterize the entire genomes response to stress. 
 
Large genes within many CFS regions 
Our analyses of several CFSs revealed that there were large genes (genes >1.0 Mbs) located within 
several, but not all, of these regions including FHIT (1.5 Mbs), Parkin (1.36 Mbs), GRID2 (1.39 Mbs), 
and WWOX (1.0 Mbs). In addition, along with others we demonstrated that FHIT, WWOX, and GRID2 
were highly evolutionarily conserved and that the chromosomal regions surrounding them were also 
CFSs in mice (16-18). This suggested that the large gene and the unstable chromosomal region might be 
co-conserved because together they serve some function within cells.  
 
We became interested in whether other CFS regions might also include large genes.  To address this 
question, we collaborated with Dr. Robert Kuhn, a researcher at the UCSC Genome Database.  Dr. Kuhn 
provided a list of all genes larger than 500Kb, and we carefully examined the list to remove redundant 
clones.  We generated a list of 240 distinct human genes that spanned greater than 500 Kb of genomic 
sequence. These 240 genes represent the largest 1% of human genes. 
 
Many of the largest human genes are derived from within CFS regions 
Examination of the large gene list revealed that a number of these were derived from chromosomal 
bands that contained CFSs; we were curious how many corresponded to CFS genes. Our laboratory had 
already localized 20 of the 89 known CFS regions, and a few other CFS regions have been defined by 
other groups (19-22). A detailed examination of the sequences surrounding these localized CFSs 
identified several other large genes as CFS genes, including CNTNAP2 [this is the largest human gene 
which spans 2.3 Mb within 7q35 (FRA7I)] and LRP1B (1.9 Mb in FRA2F).  
 
We then decided to test several of the largest human genes derived from chromosomal regions known to 
contain a CFS to determine if they were also CFS genes. A BAC clone covering the approximate center 
of each large gene was selected, labeled, and used as a FISH probe against metaphases prepared from 
cells exposed to aphidicolin. This analysis identified several other large CFS genes. However, not every 
large gene was derived from within a CFS region. Out of the 10 largest genes, 6 were determined to be 
derived from within CFS regions. Closer examination of the genomic region surrounding many of the 
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localized CFS regions revealed that slightly less than half of the characterized CFS regions are 
associated with large genes. We can therefore estimate that there are approximately 40 large CFS genes 
distributed throughout the genome (23).  
 
The Table below lists the 20 known large CFS genes that have been identified as of today, the size of the 
genomic region spanned by each gene, the number of exons and the size of the final processed 
transcripts (FPT), the chromosomal location, and the CFS that spans each gene. 
 
 

Gene Name Size Exons/FPT Location Fragile 
Site 

CNTNAP2 2304258 25/8107 7q35 FRA7I 
DMD 2092287 79/13957 Xp21.1 FRAXC 
LRP1B 1900275 91/16556 2q22.1 FRA2F 
CTNNA3 1775996 18/3024 10q21.3 FRA10D 
DAB1 1548827 21/2683 1p32.3 FRA1B 
FHIT 1499181 9/1095 3p17.2 FRA3B 
KIAA 1680 1474315 11/5803 4q22.1 FRA4D 
GRID2 1467842 16/3024 4q22.3 FRA4D 
Dlg2 1463760 23/3071 11q14.1 FRA11F 
Parkin 1379130 12/2960 6q26 FRA6G 
IL1RAPL1 1368739 11/2722 Xp21.2 FRAXC 
WWOX 1113013 9/2264 16q23.2 FRA16D 
PDGFFA 917434 24/2550 4q12 FRA4B 
IMMPL2 899238 6/1540 7q31.1 FRA7K 
RORA 731967 11/1816 15q22.2 FRA15A 
PTPR6 731390 30/4707 3p14.2 FRA3B 
Neurobeachin 730417 58/10812 13q13.2 FRA13A 
LARGE 647480 16/4326 22q12.3 FRA22B 
ARHGAP15 638958 14/1706 2q22.2 FRA2F 
SCAl 462345 9/10601 6p22.3 FRA6C 

 
Similarities between the known large CFS genes 
The large CFS genes share a number of similarities.  Each of these genes is predominantly intronic 
(greater than 99.7%) and span some of the most unstable chromosomal regions in the genome which are 
difficult regions to transcribe as well as replicate. In addition, several of the large genes such as FHIT, 
WWOX, and GRID2 have been found to be highly conserved and the chromosomal regions surrounding 
them are fragile sites in mice.  When comparing what little is known about the function of some of these 
large genes, it appears that many of them have completely different functions. However, one interesting 
connection shared by many of the large CFS genes is an association with normal neurological 
development. 
 
This is already quite clear with Parkin, which when inactivated results in specific cellular death of cells 
that make and respond to dopamine leading to early onset juvenile Parkinson's disease (24). A 
spontaneous mouse mutant was identified that had a 1.0 Mb deletion within the distal portion of FRA6E. 
This deletion removed coding sequences of both Parkin and the immediately adjacent large Parkin co-
regulated gene product PACRG. The mice that are homozygous for this deletion have a neurological 
phenotype known as Quaking(viable) (25), which have quake-like tremors caused by improper 
myelination of the CNS.  
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The GRID2 gene is a very large CFS gene which was first identified because of spontaneous deletions in 
mice resulting in a neurological defect known as Lurcher (26). Heterozygous Lurcher mice display 
ataxia as a result of selective, cell autonomous and apoptotic death of cerebellar Purkinje cells during 
postnatal development (26).  This gene is also highly conserved between humans and mice and the 
region surrounding this gene is a CFS in the mouse (22), identical to what was observed for FHIT and 
WWOX. 
 
Yet another large gene identified by us as a CFS gene is DAB1. Dab1 is the human homolog of the 
Drosophila disabled locus and it interacts with Reelin. When this locus is mutated in mice it results in a 
neurological defect known as scrambler (27). These mice have cerebellar hyperplasia with Purkinje cell 
ectopia. The normal function of Dab1 is to promote normal positioning of upper layer cortical plate 
neurons (28). 
 
We tested a number of the largest human genes that were involved in neurological development, which 
were also derived from chromosomal regions known to contain a CFS and identified a number of other 
large CFS genes. This includes the Duchene Muscular Dystrophy (DMD) gene in FRAXC, LARGE in 
FRA22B (which is associated with myodystrophy when deleted in the mouse), and the Sca1 gene 
(associated with spinocerebellar ataxia) in FRA6C. Thus, many CFS genes are large genes that are 
involved in normal neurological development.  
 
RORA is another large CFS gene 
In the second year of this work we began to characterize another very interesting gene, the 730 Kb 
retinoic acid related orphan receptor alpha (RORA) which was localized to a chromosomal band 
15q22.2 that contained another CFS region, FRA15A. We demonstrated that this gene was localized 
within the middle of this CFS region. However, unlike our previous studies with Parkin, we did not 
completely characterize the FRA15A CFS region. Our reason for this was that FRA15A is a CFS region 
that is not frequently expressed (as are FRA3B, FRA16D and FRA6E) thus we would have had to 
analyze thousands of metaphase spreads to find sufficient metaphases with breakage/decondensation in 
the FRA15A region to fully characterize this CFS region. We then analyzed expression of RORA in 
ovarian cancers as well as in several additional cancers and found that this gene, like Parkin, is 
frequently inactivated in ovarian (and other) tumors. To determine if this had any functional significance 
we over-expressed RORA in a breast epithelial cell line and found that this resulted in growth inhibition 
of the cells (29). 
 
RORA is a particularly interesting gene because it is a nuclear transcription factor that has already been 
linked to a number of critical cellular functions including control of circadian rhythm, control of 
cholesterol metabolism and it binds directly to hypoxia inducible factor 1 alpha (30). In addition, RORA 
is a stress-responsive gene whose expression increases in response to growth under hypoxic conditions, 
as well as exposure to aphidicolin and chemotherapeutic agents used in the treatment of ovarian cancer. 
Another interesting thing about RORA is that like Parkin is associated with a neurological defect. Mice 
that have spontaneous deletions in RORA have the neurological defect staggerer, which results from 
selective death of Purkinje cells (30). This turns out to be a common theme with a number of the large 
CFS genes, namely that defects in these genes are associated with neurological development and also 
with the development of cancer. 
 
Because RORA shares similarities with other well studied large CFS genes and is located in a 
chromosomal band (15q22.2) known to contain the FRA15A CFS, we tested whether RORA was in fact 
a CFS gene.  This analysis revealed that RORA spanned the middle of the FRA15A region. Figure 1 
below shows representative FISH results with a BAC from the middle of the RORA gene demonstrating 
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that in one metaphase (A) the BAC hybridizes distal to the region of decondensation/breakage and in 
another metaphase (B) the BAC hybridizes proximal.  
 

 
Figure 1 Depiction of FISH results obtained with a BAC clone crossing the middle of RORA and determined to be crossing 
FRA15A. BAC clone CTD-2034M3 was labeled with biotin and hybridized to normal human lymphocytes treated for 24 
hours with 0.4µM aphidicolin. 20 metaphases with clear breakage/decondensation at 15q22.2 were scored.  The hybridization 
signal appeared proximal to the break in 12 metaphases and distal in 8, showing that RORA is located in the approximate 
center of FRA15A.  A. Representative metaphase with the hybridization signal appearing distal to the break.  B. 
Representative metaphase with the hybridization signal appearing proximal to the break.   
 
Out of 20 metaphases with good discernible breakage within 15q22.2, we found that this BAC 
hybridized proximal to the region of breakage 12 times and distal 8 times. This finding would place this 
BAC clone and the RORA gene itself within the middle and most unstable region of FRA15A.  
 
According to one previously published study, there are four RORA isoforms (RORA 1, 2, 3, and 4) 
which are produced by alternative splicing. In our studies in various normal tissues, we found expression 
of only RORA 1 and 4. Figure 2 below shows the transcriptional level of RORA 1 and 4 in various 
normal tissues. 

 
Figure 2 The transcriptional level of RORA and its isoforms in various normal tissues.  Lane 1 brain; Lane 2 breast; Lane 3 
liver; Lane 4 ovary; Lane 5 prostate.  Total RNA was prepared from normal human tissues and cDNA was generated. Semi-
quantitative RT-PCR was performed using the universal primers for all RORA isoforms and the specific primers for each 
isoform to measure the level of RORA.  A. RORA universal primers; B. A schematic diagram showing the four different 
isoforms of RORA. The bold arrows show the positions of specific primers for each isoform and the universal primers for all 
isoforms. DBD DNA binding domain; LBD ligand binding domain.  C. RORA1 (isoform 1) primers; D. RORA4 (isoform 4) 
primers. 
 
We next examined the expression of RORA in several different types of human cancer samples, either in 
primary tumors or in tumor-derived cell lines using RT-PCR. This revealed that RORA was down-
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regulated in breast, prostate, and ovarian cancers (see Figure 3 below).  These results are consistent 
with those obtained in studies of other critical CFS genes including FHIT, WWOX, and Parkin.   
 

 
Figure 3. RORA is down-regulated in different types of cancer cell lines and human primary cancers.  Total RNA was 
extracted and reverse transcribed into cDNA.  PCR was performed with RORA universal primers to examine the 
transcriptional level of RORA.  A. Breast cancer cell lines, Lane 1 MCF12F; Lane 2 MCF7; Lane 3 MDA157; Lane 4 
UACC893; Lane 5 ZR75; Lane 6 MDA435; Lane 7 T47D; Lane 8 BT474.  Top row RORA; Bottom row Actin.  B. Prostate 
cancer cell lines and primary tumor samples, Lane 1 normal prostate control; Lane 2 DU145; Lane 3 PC3; Lane 4 LNCaP; 
Lane 5-8 primary prostate tumor tissues. Top row RORA; Bottom row Actin.  C. Ovary cancer cell lines, Lane 1 normal 
ovarian epithelium control (OSE); Lane 2 OV167; Lane 3 OV177; Lane 4 OV202; Lane 5 OVCAR5; Lane 6 SKOV3. Top 
row RORA; Bottom row Actin. 
 
We also examined whether RORA expression was modulated by different types of cellular stress other 
than hypoxia. We first demonstrated that RORA is activated by exposure to aphidicolin (Figure 4) and 
then subsequently showed similar activation by other types of cellular stress including exposure to 
ultraviolet radiation (UV), addition of the carcinogen MMS (methyl-methane sulfonate), and treatment 
with H2O2 (oxidative stress) (2). Figures 4 and 5 display the changes in RORA transcripts and RORA 
protein levels in response to some of these stresses. 
 

 
Figure 4 The effect of aphidicolin (APC) on the transcription of RORA in MCF12F cells.  MCF12F cells were treated with 
various doses of APC for 24 hours before total RNA was extracted and cDNA was prepared.  PCR was set up to check the 
transcriptional level of RORA, FOXB1 (a gene within FRA15A right next to RORA) and Actin, using the universal primers 
for RORA, primers for FOXB1 and the control primers for Actin.  Lane 1 cell without APC treatment; Lane 2 with APC 0.2 
µM; Lane 3 with APC 0.4 µM; Lane 4 with APC 0.8 µM. 
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Figure 5. The expression of RORA in MCF12F cells is activated by different types of stress treatments.  A. The effect of UV 
on the protein level of RORA.  MCF12F cells were treated with UV at 10, 20 and 50 J/m2 and total protein was prepared. B. 
The effect of MMS on the protein level of RORA.  MCF12F cells were treated with MMS at 0.001%, 0.005% and 0.01% for 
24 hours.  The level of Rora was examined with anti-Rora antibody.  C. The effect of H2O2 on the transcriptional level of 
RORA.  MCF12F cells were treated with H2O2 at 100, 200 and 500 µM for 24 hours and then total RNA was extracted and 
cDNA was prepared.  RT-PCR was performed using universal primers for RORA. 
 
An important question is what role alterations in expression of this large CFS gene play in the 
development of breast cancer? Indeed all of the CFS genes could be frequent targets of alterations in 
unstable cancer cells because of the unstable regions that surround them. We transfected RORA into the 
breast cell line MCF12F and found that increased RORA expression resulted in decreased growth of 
MCF12F cells (see Figure 6 below). These results are similar to those obtained with FHIT, WWOX, and 
Parkin. 

 
Figure 6 The effect of RORA over-expression on cellular growth.  A. MCF12F cells were plated and incubated overnight 
before transfection.  The plasmids (pcDNA3 as control and pcDNA3-RORA4) were transfected into cells using a 
Lipofectamine 2000 transfection kit following the manufacturer’s protocol.  The cell number was counted 24, 48, 72 and 96 
hours later.  All results are the average of at least three independent experiments with standard deviations shown by bars.  B. 
The level of RORA in pcDNA3-RORA4 transfectants detected by the Western blotting assay.  Top row RORA; Bottom row 
Actin. 
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Thus, changes in RORA expression are associated with readily observable changes in growth rates of 
MCF12F cells, which supports our contention that inactivation of RORA expression could provide a 
significant growth advantage to cells thus participating in breast cancer development. All of this work is 
summarized in our recent paper that was published in Oncogene (29). 
 
Expression of the large CFS genes in cancers and cancer-derived cell lines 
Our hypothesis is that the large CFS genes are part of a stress response system within cells that is 
uniquely susceptible to genomic instability and that in cancers with considerable genomic instability, 
there will be inactivation (alterations) of expression of multiple CFS genes. We have already 
demonstrated observable phenotypic changes associated with alterations in the expression of these 
genes. Next we sought to determine whether these genes were randomly inactivated or whether there 
might be some selection for inactivation of specific CFS genes in different cancers. 
 
To address this question, we used real-time RT-PCR to precisely measure the expression of seven 
representative large CFS genes (FHIT, WWOX, Parkin, GRID2, DLG2, DAB1 and the two expressed 
RORA isoforms 1 and 4) in panels of primary tumors and cancer-derived cell lines for cancers of the 
prostate, breast, ovary, liver, and brain. PCR primers were constructed to be optimal for real-time RT-
PCR analysis (100-125 bp products derived from the 3’ end of the final processed transcripts from these 
genes) and then we performed real-time RT-PCR in the ABI 7900 real-time PCR machine. To quantify 
the expression of each of these genes (we constructed primers to differentiate between the two RORA 
isoforms), we compared the Ct measurements obtained with each gene to that of the β−actin gene and 
used the delta Ct measurements to quantify message amounts for the large CFS genes. We obtained 
several normal tissues for comparison for each tissue/tumor type and compared the expression of β-actin 
and the CFS genes in those normal tissues to panels of cancer-derived cell line, as well as primary 
tumors of that same type. We considered any gene to be aberrantly regulated if its expression was more 
than 4-fold up or down relative to the range of expression determined for the normal samples after each 
sample was run in triplicate.  
 
We found that the expression of these genes was frequently abrogated in different cancers and there 
appeared to be a very non-random pattern of gene inactivation. We also observed that many cancers had 
inactivation of multiple large CFS genes. Those cancers with a great deal of genomic instability will 
have inactivation of many of these genes simultaneously which could have a profound phenotypic effect 
on those cells. For each of the CFS genes tested, the Table below indicates the number of primary 
tumors/cell lines that had decreased expression compared to normal samples divided by the total number 
of tumors/cell lines tested. 
 

 FHIT WWOX Parkin Grid2 Dlg2 Dab1 RORA1 RORA4 
Prostate 0/17 1/17 1/17 0/17 2/17 0/17 10/17 1/17 

Ovary 2/18 1/18 3/18 1/18 12/18 0/18 2/18 5/18 
Breast 4/16 3/16 5/16 0/16 8/16 3/16 3/16 8/16 
Brain 7/17 10/17 5/17 9/17 17/18 11/17 5/17 0/17 
Liver 4/15 11/15 14/15 14/15 12/15 12/15 15/15 0/15 

 
It is important to note that there was a very interesting preliminary correlation between the frequency of 
inactivation of these CFS genes and cancers that have very poor clinical outcomes. We found the least 
inactivation of CFS gene expression in cancers of the prostate, which of the various cancers examined 
has the best clinical outcome. There was much greater loss of expression of these genes in cancers of the 
breast and ovary, and many of these cancers tend to be more aggressive than prostate cancers. However, 
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the cancers with the greatest inactivation of these genes were cancers of the brain and liver. These 
cancers are highly aggressive, and there is a high probability that patients who develop these tumors will 
succumb to them.  
 
Disabled-1 (Dab1) is another large CFS gene 
Another large gene that we began to examine was the human homolog of the disabled locus from 
Drosophila, Dab-1. This gene spans 1.25 Mbs within chromosomal band 1p32.2, which is also the band 
the contains the FRA1B CFS. We were therefore interested in whether Dab1 was another large CFS 
gene that could be important in cancer development. We found that the large Dab1 gene was derived 
from within the middle of the FRA1B CFS region. We then used real-time RT-PCR analysis to find that 
Dab1 was inactivated in several different cancers, including ovarian cancer. However, it was more 
frequently down-regulated in brain and endometrial cancers. We then found that over-expression of 
Dab1 resulted in decreased cell growth in two different cell lines. Interestingly, when this gene is 
inactivated in mice is results in the neurological mutant scrambler (27) which has abnormal cortical 
lamination that is indistinguishable from another mouse neurological mutant Reeler, caused by 
mutations in the reelin gene.  
 
Monitoring the entire genomes response to stress using Tiling Arrays 
Much of the focus in cancer genetics has been on the identification of important alterations during 
cancer development which could contribute to that process. This focus has been primariliy upon the 
genes, and more importantly the coding portions of those genes. However, the coding portions of genes 
comprises less than 2% of the entire genome. If you subtract the 45% of the genome that is comprised of 
repetitive DNA, that still leaves 53% that is neither coding or repetitive. Nowhere is this discrepancy 
between genome size and apparent coding potential more evident than in some of the large CFS genes. 
The 1.36 Mb Parkin gene produces a 2960 bp final processed transcript, making this gene over 99.8% 
intronic. Similarly, the 730 Kb RORA gene has a 1095 bp final processed transcript, hence this gene is 
also over 99.8% intronic. Why produce such a large initial transcript only to process it down to such a 
small final processed transcript? One possibility is that are regulatory non-coding RNAs encoded within 
the intronic sequences which regulate the expression of such large genes like Parkin. However, with no 
knowledge of where within such large genes these transcripts are derived, there used to be no feasible 
way to identify these stress-regulated transcripts. 
 
We were considering the construction of sufficient oligonucleotides to probe across the large Parkin 
introns in order to identify putative non-coding transcripts at a cost of many thousands of dollars when 
Affymetrix began to beta-test their new whole-genome tiling arrays. The Human Tiling 1.0R Array set 
contains tiling oligonucleotides spaced 35 bp apart (from the center of one oligonucleotide to the center 
of the next adjacent oligonucleotide across the entire non-redundant portion of the genome. We obtained 
multiple sets of these chips as part of the beta-testing of these new arrays from Affymetrix and decided 
to set up an experiment that would enable us to not only identify transcripts (and non-coding transcripts) 
across the entire genome but also to ask which of those transcripts were stress-responsive (especially 
since we believe that the large CFS genes are actually part of a stress-response system within cells).  
 
The work with tiling arrays has been pioneered by Dr. Tom Gingeras and co-workers at Affymetrix. 
Using 5 bp tiling arrays (which have a much higher density of tiled oligonucleotides that are 5 bp apart 
from center to center of adjacent oligonucleotides, they demonstrated that unannotated, non-
polyadenylated transcripts comprise the majority of the transcriptional output for the human genome. 
This provides additional support for our hypothesis that the large introns in the large CFS genes might 
produce important stress-regulated transcripts which are involved in the stress-response that the large 
CFS genes are involved with. 
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Our microarray experiment was set up to measure the entire genomes response to two different types of 
cellular stress: growth under hypoxic conditions and exposure to the carcinogen from cigarette smoke- 
4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone (NNK) (24). We cultured normal ovarian surface 
epithelial cells and exposed them to hypoxia or NNK. Hypoxia is a physiologically important 
endoplasmic reticulum (ER) stress that is present in all solid tumors. In addition, both Parkin and RORA 
respond to oxidative stress. We chose NNK because it induces DNA damage, thus we felt that the 
comparison between the two different types of stress would yield different types of stress-responsive 
transcripts. 
 
This work was done in collaboration with the Microarray Core of the Mayo Clinic and together, we went 
through the protocol for producing cDNA from all the RNA species present (not just poly A+ RNA) 
using random oligonucleotide primers. One potential problem with this experiment is that total RNA 
contains a vast excess of ribosomal RNA which could potentially swamp out signals from both coding 
genes and non-coding transcripts. There is a commercially available kit using magnetic beads which can 
purify away the ribosomal RNA (the RiboMinus Kit), and we compared the hybridization of cDNA 
produced from total RNA to cDNA produced after the use of the RiboMinus kit. The RiboMinus 
protocol resulted in significant enrichment of non-ribosomal RNA but also resulted in some degradation 
of the remaining RNA species. We hybridized equivalent amounts of labeled total RNA and RiboMinus 
purified RNA (-rRNA) to the tiling array chips so that we could compare the hybridization signals to 
help determine whether the additional expense of the RiboMinus purification kits was worthwhile. We 
found almost identical hybridization with both sets of RNAs (after being converted to cDNA), thus we 
did the entire experiment without the RiboMinus purification. We hybridized the three sets of labeled 
probes (control ovarian surface epithelial cells, cells exposed to hypoxia, or cells exposed to NNK) to 
two sets of the whole genome 35 bp tiling array each.  
 
In our last years report to the Department of Defense we described some of our preliminary work where 
we compared total RNA to –rRNA as well as our results when we examined the hybridization to a single 
chip (one containing chromosome 7 and the largest known human gene CNTNAP2). In the past year we 
have been analyzing the results with the whole genome hybridization (to a total of 14 chips each run in 
duplicate). We performed two types of analyses which will be described here. The first was to focus on 
some of the largest human genes and for this we focused on how oligonucleotides tiled across Parkin 
and RORA hybridized to the three sources of RNA, thus we could examine both transcripts that 
hybridized as well as transcripts that were stress responsive. 
 
The Figure below shows the results obtained when we examined the Parkin gene. The bottom Figure (in 
each case) was the control hybridization. The middle Figure is the hybridization to one of the two 
stresses utilized, and the top Figure is the subtraction of transcripts seen after stress by the control 
transcripts. The top Figure is the signals obtained comparing NNK exposure to the control. The bottom 
of the Figure shows the different Parkin transcripts that are produced (hatched lines represent exons). 
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The Figure below shows Parkin comparing the control to hypoxia-induced stress. 
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Any of the signals that increase in response to the stress are shown as signals above the graph and 
signals that decrease are shown as signals below the graph. What is very clear from this experiment is 
that there are multiple transcripts that are not derived from the exon sequences and that there were many 
more transcripts which decreased in response to one or both of the stresses applied. 
 
The graphs on the following page show the results that we obtained when we examined the RORA gene. 
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We have asked for a one year no-cost extension to this grant and plan on focusing on characterizing the 
stress-regulated non-coding transcripts within Parkin and RORA to determine: (1) if they are have 
altered expression in ovarian cancer; (2) If they are mutational targets in ovarian cancer; and (3) What 
role they play in normal ovarian surface epithelial cells. 
 
Key Research Accomplishments 
We have made several major research accomplishments during the course of this Department of Defense 
grant. The most important is the identification of an entire family of extremely large CFS genes. There 
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are now 20 known large CFS genes and we estimate that there may be 45-50 all together. We have 
found and studied a very interesting stress responsive gene, RORA. This important nuclear transcription 
factor is involved in the regulation of a number of key cellular processes and we’ve shown that the 
expression of this gene is frequently inactivated in many ovarian cancers. Interestingly, this gene, 
similar to Parkin, is involved in cellular responses to oxidative stress. We have also shown that the 
expression of the large CFS genes is frequently inactivated in multiple tumor types and that there is 
more inactivation of their expression in cancers associated with a poorer overall clinical outcome (such 
as brain or liver cancer). Finally, we’ve identified a family of new non-coding transcripts which reside 
within the two large stress-responsive CFS genes we’re currently studying. Our next studies will be to 
characterize these non-coding transcripts to determine what role, if any, they play in the development of 
ovarian cancer and how they are involved in the oxidative stress response pathways that Parkin and 
RORA participate in. 
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